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Abstract

We extend the classic multi-armed bandit (MAB) model to the setting of noncompliance,
where the arm pull is a mere instrument and the treatment applied may differ from it,
which gives rise to the instrument-armed bandit (IAB) problem. The TAB setting is relevant
whenever the experimental units are human since free will, ethics, and the law may prohibit
unrestricted or forced application of treatment. In particular, the setting is relevant in
bandit models of dynamic clinical trials and other controlled trials on human interventions.
Nonetheless, the setting has not been fully investigate in the bandit literature. We show
that there are various and divergent notions of regret in this setting, all of which coincide
only in the classic MAB setting. We characterize the behavior of these regrets and analyze
standard MAB algorithms. We argue for a particular kind of regret that captures the causal
effect of treatments but show that standard MAB algorithms cannot achieve sublinear
control on this regret. Instead, we develop new algorithms for the IAB problem, prove
new regret bounds for them, and compare them to standard MAB algorithms in numerical
examples.

Keywords: Multi-armed bandit, online learning, instrumental variables, noncompliance,
causal inference.

1. Introduction

Multi-armed bandits (MABs) are often used to model dynamic clinical trials (Villar et al.,
2015). In a clinical trial interpretation of an MAB, an experimenter applies one of m
treatments to each incoming patient, the reward of the applied treatment is recorded, and
the target is to learn what the best treatment is so as to ensure that the average of all
patient rewards over the trial is near-optimal. However, when patients are human, free will,
ethics, and the rule of law often prohibit completely liberal application of treatment by the
experimenter. In particular, patients may choose not to comply with the treatment assigned.
By some estimates, non-compliance rates in some clinical contexts may be as high as 50%
(Wright, 1993). In real clinical trials, subject non-compliance is generally present and can
often constitute a significant effect. The same may occur in non-clinical dynamic randomized
controlled trials (RCTs) interpretations of MABs, such as trials investigating policy and
training interventions. Whenever the experimental unit is human, non-compliance may be
a significant presence.

This departure from the standard MAB model has not been fully investigated in the
bandit literature but nonetheless can have significant implications on both performance
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metrics and what constitutes a good bandit algorithm. In particular, almost all bandit
models assume full control of treatment assignment or do consider perturbations to control
(as in an MDP) but do not consider regret quantities that correspond to the causal effect
of treatment and to bandit algorithms that are aimed at finding the treatment(s) with the
best causal effect.

The purpose of this paper is to explore the implications of non-compliance for MABs and
develop new theory and methods appropriate for these settings. Toward this end, we define
the instrument-armed bandit problem where arms do not necessarily correspond to the
treatment administered and establish a number of new regret quantities that are of unique
interest in this setting. We characterize these regret quantities in various different settings
of non-compliance and analyze the corresponding regret of standard MAB algorithms like
the upper confidence bound (UCB) algorithm. We find that standard MAB algorithms can
fail to achieve sublinear regret on the compliers (which we define) and can fail to learn
what is the best treatment. We therefore develop new bandit algorithms that address this
issue and prove new regret bounds for these algorithms. We conclude with a numerical
investigation.

2. The Instrument-Armed Bandit Problem

In the presence of non-compliance, the assignment to treatment — or arm pull — by the
experimenter is a mere instrument: it does not guarantee the application of the treatment
but it may influence it. In the language of econometrics (Angrist and Pischke, 2008),
the variable indicating assignment to treatment is an instrumental variable. Thus, in the
presence of non-compliance, the pull of an arm corresponds only to the intent to treat (ITT)
rather than the administration of treatment and there may exist confounding between the
treatment variable and the outcomes that obscure the actual causal effect of treatments.

We call the bandit problem that arises in the presence of non-compliance the instrument-
armed bandit (IAB) problem because each arm pull represents only the choice of instrument.
We consider the IAB problem with m arms where each arm represents both an instrument
and a treatment. Unlike the standard MAB problem, the TAB problem involves two forms
of bandit feedback: the reward of the treatment applied and the identity of the treatment
applied, which we assume is always observed.

In the presence of non-compliance, whether a subject complies with an assigned treat-
ment, that is, whether the treatment assigned is also applied, generally depends to a great
extent on the subject and on the treatment assigned. Some subjects may be averse to new,
intense, or invasive treatments and reject these when assigned. Others may be more eager
to try these treatments and may reject insufficiently-intensive treatments. Consequently,
the correlation between treatment administered and outcomes does not represent the causal
effect effect of administering the treatment to any one subject.

Depending on the application, certain modes of non-compliance may be ruled out: in
some settings a subject can demand any one treatment and in other settings a subject can
only reject a new or invasive treatment but cannot demand it unless assigned to it. Assum-
ing, as we do, that we observe the treatment (or non-treatment, for that matter) in-fact
applied to the unit, the compliance of the unit is an incomplete observation and comprises a
form of bandit feedback: we only know the compliance or non-compliance resulting from the
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Figure 1: The Instrumental Variable Model
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treatment assigned. For example, a subject eager to try intensive treatment may appear to
comply when given such an assignment and may appear not to comply when given another
assignment.

We formulate this by saying that an experimental unit is characterized by a vector of m
integers x = (x(1),...,x(m)), each taking values in [m] = {1, ..., m} and each denoting the
treatment in-fact applied if the respective arm is pulled. Thus, when we pull arm z € [m],
the realized-treatment feedback we observe is x(z). As with unrealized rewards in standard
MAB problems, x(2’) for other arms 2’ are not observed. We call x the compliance type of
an experimental unit.

A unit is said to be a complier if it complies with any treatment assigned. That is,
letting ¢ = (1,...,m) so that «(z) = z is the identity mapping, a unit is complier whenever
X = t. A unit is a non-complier if x # ¢. One particular type of non-compliers are always-
takers: letting k() = (t,...,t) for t € [m] so that k®(z) =t for all z € [m], a unit is said
to be a t-always-taker if x = .

As in the standard MAB problem, each unit is also characterized by m reward values
Y (1),...,Y(m) taking values on the real line. When the treatment applied is x, the re-
ward observed is Y (z). We will assume that high rewards are preferable. The variables
x(1),Y(1),...,x(m),Y(m) denote a generic draw of an experimental unit from a population
of units.

In the IAB problem, at each round ¢ = 1,2, ..., an incoming unit given by (x(1), Y;(1),

.., Xxt(m),Yi(m)) is drawn at random from the population of units, independently from past
draws and past actions. With nothing about the unit revealed, the experimenter chooses an
intended arm Z; € [m]. The treatment actually applied is X; = x¢(Z;), which is revealed,
and the reward collected is Y; = Y;(x¢(Z;)), which is also revealed.! We summarize the TAB
problem as:

The instrument-armed bandit problem
For each round t =1,2, ...
1. x(1),Y(1), ..., xe(m), Yi(m) are drawn independently from the past and
are hidden;
2. the experimenter pulls arm Z; € [m)];
3. Xy = xt(Zy) and Yy = Y (xt(Z;)) are revealed.

The parameters of the problem revealed to the experimenter at the onset are the number of
arms m and, potentially but not necessarily, the number of rounds T". The hidden parameter
characterizing an instance of the TAB problem is the distribution of units (step 1 above).
The distribution of x and the conditional marginal distributions of Y (x) given y for each z

1. Note that in our notation, x: = (x¢(1),...,xt(m)) is a vector of potential treatments whereas Y; is a
scalar realized reward and should not be confused with the vector (Y;(1),...,Yz(m)) of potential rewards.
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separately are denoted by
P = ]P(X = H)v Vx|n(A) = P(Y(LE) €A | X = "i)'
We assume that [ |y| du,,, < oo for all z € [m], x € [m]™ and define:

E[Y(I) | X = ’{] = fydya:hm
pa = B[Y (2)] = Z,@g[m]m Prllzrs
E[Y(X(z))] = Zme[m]m Prlk(z)|k-

An instance of IAB is said to be an instance of MAB when p, = 1, i.e., when all units are
compliers. In this case, the ITAB problem reduces to the standard stochastic MAB problem
with arm reward distributions v, (for more on stochastic MAB, we refer the reader to
Bubeck and Cesa-Bianchi 2012 p. 4).

The setting of the IAB problem can also be represented as a directed acyclic graph
following the framework of (Pearl, 2009) as shown in Fig. 1. The bidirectional arrow between
the treatment variable X and outcome variable Y indicates that there may be hidden
confounding between the two. The confounding arises from the fact that both treatment and
outcomes are associated with compliance type. The intended treatment Z is unconfounded
and only affects Y via X, meaning that it is a valid instrument.

A (randomized) bandit algorithm 7 is a mapping from the step ¢ and the observed data
up to time ¢, D, = {Z1, X1, Y1,..., Zi—1, Xi—1,Yi—1}, to a probability distribution over the
arms [m], which determines how we sample the arm pulled Z; in step 2 of the IAB problem.
Equivalently, 7 is an assignment to the random variable Z; in the random process defining
the problem such that it is independent of present and future given the past. Under an
algorithm 7, the random process (Z1, X1,Y1), (Z2, X2,Y2),... is well defined and we can
compute various cumulative expectations over it, which we will call regret. We emphasize
that a probability or expectation is taken under the algorithm =« by P, and E,, respectively.

In the IAB problem, there are various divergent notions of regret, which we discuss after
reviewing background and related literature. These divergent notions all coincide when the
IAB problem is an instance of MAB, but are otherwise generally distinct.

2.1 Background and Related Literature

The IAB problem is an example of a stochastic bandit problem: the distributions of reward
and, in the TAB case, compliance type are fixed and stationary but unknown. We focus
solely on this stochastic setting. We refer the reader to Bubeck and Cesa-Bianchi (2012)
for a comparison of stochastic and adversarial settings in the classic MAB problem. Regret
in the classic MAB problem is defined as the difference between the cumulative reward of
always pulling the a priori best single arm (as per the unknown reward distributions) and
the cumulative reward of the bandit policy up to a horizon T'. When all units are compliers,
the IAB problem reduces to the stochastic MAB, for which Lai and Robbins (1985) in their
seminal paper lower bounded the expected regret of any policy by the logarithm of T" times
factors that depend on the difference between suboptimal and optimal arms. A minimal
requirement of a bandit algorithm for MAB is that it be order optimal in that it achieve
regret that has order no more than logarithmic in 7. The popular UCB algorithm (Auer
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et al., 2002) is an example of one such order optimal algorithm. Recently, Agrawal and
Goyal (2012) proved that the posterior sampling algorithm of Thompson (1933) is also
order optimal. Other example include Kaufmann et al. (2012); Garivier and Cappé (2011);
Maillard et al. (2011).

A variant of the MAB problem is the MAB with latent class (MABLC) problem (Mail-
lard and Mannor, 2014), in which the reward vector is jointly drawn with class membership
and regret is defined as the difference between the cumulative reward of always pulling the
a priori best arm given class and the cumulative reward of a bandit policy that is given an
observation of a finer quantity than class (such as a unit identity) before pulling an arm.
In the IAB problem, we can conceive of compliance type as a latent class, especially in
light of the possibility of heterogeneous rewards, i.e., we may have iz, # pi) for  # &'.
Compliance type as a class does not influence any actual bandit algorithm for IAB because
nothing indicative of compliance type is revealed before an arm pull. Nonetheless, we get
different forms of IAB regret depending on whether we consider benchmark policies that
may or may not be allowed to leverage a priori class knowledge. For the IAB problem, as
we show in the next section, in first case, there is no hope of sublinear regret and, in the
second, regret may be negative, and so in fact an intermediate form of regret is needed,
which considers latent class but restricts to a certain subpopulation of units.

Another variant of the MAB problem is the MAB with unobserved confounder (MABUC)
problem (Bareinboim et al., 2015), where a latent factor influences reward distributions
and the experimenter, rather than being given a finer observation as in MABLC, is given
a coarser observation of an “intuitive” arm choice, corresponding to a particular station-
ary joint distribution of latent factors, rewards, and “intuitive” arms. The authors show
that when regret is measured relative to the best arm given the latent factor rather than
marginal best choice, standard bandit algorithms that use only observations of pulled arm
and resultant reward may achieve linear regret. Similarly, we will show that in the IAB
problem, if one is not interested in the simple intent-to-treat regret (which we will define),
then standard bandit algorithms achieve linear regret under most alternative notions of re-
gret that consider causal effects. Lattimore et al. (2016) consider a closely related problem
to the MABUC without observation of an “intuitive” arm and focusing on the simple regret
of eventually recommending the best arm.

Instrumental variable analysis is a method to estimate causal relationships between a
possible treatment variable and an outcome variable in the absence of a fully randomized
experiment that intervenes on the treatment in a fully controlled manner (Angrist and
Pischke, 2008). It relies on the availability of an instrumental variable, which may only
affect the outcome via the treatment and is associated with the treatment. When all of
these relationships are additive (i.e., linear) the two-stage least squares (2SLS) procedure,
which first regresses treatment on the instrument and then regresses the outcome on the
result, provides a consistent estimate of causal effect. When this effect is heterogeneous in
the population (i.e., not simply additive), this estimate is in fact of a particular average
effect known as the local-average treatment effect, or LATE (Imbens and Angrist, 1994).

In a clinical trial with non-compliance, a randomized I'TT is an example of an instru-
mental variable. When treatment is binary (treatment vs control), 2SLS is equivalent to
the Wald estimator (Wald, 1940), which is the ratio of a naive estimate of the ITT effect,
given by the difference in mean outcomes in units intended for treatment and for control,
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divided by an estimate of the number of compliers p,, given by the difference in mean num-
ber receiving treatment among the two intended groups. When the population contains
only compliers, treatment-always takers, and control-always takers, the Wald estimator is
consistent for the LATE, which in this case is the average effect on the compliers (Angrist
et al., 1996; Little and Yau, 1998).

In the IAB problem, Z; corresponds to the ITT for unit ¢ and, as such, is an example of
an instrumental variable. The treatment may be more than binary as there may be more
than two arms (m > 2) and Z; is chosen dynamically for each ¢ by the bandit algorithm as
rounds progress. The question we ask is how to best choose Z; so to balance exploration
and exploitation. The right way to measure how well we do this hinges on what is our goal.
If it is to get at the best causal effect of a treatment then we must consider new forms of
regret that do not exist in the vanilla MAB context. In the next section, we develop several
new notions of regret for the IAB problem and characterize their behavior.

3. IAB Regret

The target of a bandit algorithm is to achieve low regret. Unlike the MAB problem, in
the case of IAB there are a wide range of candidate definitions for regret, with different
meanings. In the case that an instance of TAB is an instance of MAB (p, = 1), however, we
show that all of these notions of regret in fact coincide with the classic notion of MAB regret.
In this section, we present the various notions of regret and characterize their behavior.

3.1 Intent-to-Treat Regret

In the case that one is not interested in the causal effect of treatment and only in the
observational resultant rewards of the ITT instrument, then the IAB problem can easily
be reduced to an MAB problem. We simply ignore the instrumental aspect of the arms
and ignore all bandit feedback of non-compliance. This leaves us with only arm pulls and
resultant rewards, disregarding the mechanism by which the reward was begotten. If we do
this, then the only relevant notion of regret is the MAB regret, which measures how much
regret we have in pulling one instrument arm compared to another instrument arm, rather
than compared to any other possible treatment.

In the TAB problem, we call this the ITT regret. To define ITT regret, let z* be an
arbitrary choice in the set of marginally optimal instrument arms:

2" € Z¥ = argmaxX iy flz, [T = o
The ITT regret is then
ITTRegret(T) = .1, (YVi(xi(2%)) — Vi)

For every instance of the IAB problem, we can consider an underlying stochastic MAB
problem given by the reward distributions v, = Zne[m}m PrVi(z)|x for z € [m]. The stan-
dard MAB regret in this MAB problem coincides with the ITT regret of the IAB problem.
Correspondingly, we can transform any MAB algorithm to an TAB algorithm by simply
recording the rewards Y; for instrument-arm pulls Z; and ignoring the in-fact applied treat-
ment X;. Then, naturally, if the original MAB algorithm has sublinear expected MAB
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Figure 2: Various Notions of IAB Regret in Ex. 1
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regret guarantees then it will also have sublinear expected ITT regret guarantees because
the two are identical.

When we apply this transformation to the UCB algorithm, we call the resulting algo-
rithm UCB-ITT. An alternative transformation would have us update the estimates of the
UCB algorithm as though the arm X; were pulled rather than Z;, corresponding to an
estimate of the mean rewards conditioned on X;. We call the resulting algorithm UCB-AT
for “as treated.” UCB-AT has no general ITT regret guarantees but is, naturally, the same
as UCB-ITT in the specific case that the IAB problem is an instance of MAB.

3.2 Static Treatment Regret

ITT regret completely ignores the causal effects of treatments. Minimizing I'TT regret, one
does not seek to select or identify the best treatment because, in particular, the benchmark
is the best instrument rather than the best treatment. An alternative notion of regret we
can consider in the IAB problem is the cumulative reward of a bandit algorithm relative
to the cumulative reward of the best single treatment, which we call the static treatment
regret. This captures the difference to the reward that would be achieved by implementing
the best single treatment in the whole population as the one and only treatment option
with no possible alternatives.
Let us define z* as an arbitrary choice in the set of singly-optimal treatments:

¥ € X = argmax ¢y, fa, M = Hor-
The static treatment regret is defined as
STRegret(T) = Y1, (Yi(z*) — Vi)

While static treatment regret corresponds to MAB regret for MAB instances, in general
IAB instances it can be negative. Given a policy 7, it is clear that if there is a z € [m]
with Ex Y1 1[Z; # 2] = o(T) and p* < ji, then E,STRegret(T) = O(=T). That is
to say, because compliance correlates with rewards, it is, for example, feasible that even
when pulling only a single instrument arm repeatedly, the compliance always forces the
application of the treatment that, conditioned on the particular compliance type, does in
fact have a better conditional expected reward than the the treatment that is marginally
best, i.e., is best on average over all types, so that u* < ji,. An example is given below.
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Example 1. Consider an example with m = 3 arms, p, = 5/8, p,, = 3/8 where k = (1, 1, 2),
Y(.CU) = :ux\x"'ea €~ Unif[_la 1]7 (Hl'L’Mz‘L7M3|L) = (1’ _170)7 and (N1|m:u2\mu3|n) = (0747 2).
Then, we have that (ui,pe,pus) = (25/8,27/8,13/4) so that z* = 2 and (fi1, fie, fiz) =
(25/8,15/8,4) so that z* = 3 and p* < fi*.

We consider running UCB-ITT and UCB-AT on a single sample path of the data and
recording the regret accumulated. We plot the ITT regret in Fig. 2a and the static treatment
regret in Fig. 2b. We note that UCB-ITT achieves logarithmic ITT regret and UCB-AT
achieves linear. Both have negative linear static treatment regret

Because of this potential negativity, static treatment regret may be inappropriate in gen-
eral for characterizing the performance of IAB algorithms and, in particular, their learning
of the “best” treatment for maximal causal effect.

3.3 Latent-Class Treatment Regret

To derive an alternative notion of regret, we considers the IAB problem with the unobserved
compliance type x being a latent class, as in MABLC (Maillard and Mannor, 2014) but
without a contextual observation. Because compliance type may correlate with rewards, we
may consider our performance relative to the cumulative outcome of the best treatment for
each type.

Let us define x}, as an arbitrary choice in the set of optimal treatments for unit type x:

T, € X = argmax (] fa|w MI*H = iy s
The latent-class treatment regret is defined as
LCTRegret(T) = Y./, (Yi(z%,) — Y1)

Unlike the static treatment regret, the latent-class treatment regret is necessarily non-
negative in expectation for any bandit algorithm. On the other hand, in general settings,
the latent-class treatment regret is also linear for any bandit algorithm.

Theorem 1. If there exists £ > 1 and K1, ..., Ky such that
Drys---sPr, >0 and ﬂ§:1 Hj_l(X:j) =g
then Ex LCTRegret(T) = Q(T') for any bandit algorithm .

Here £~ 1(S) = {z € [m] : k(2) € S} denotes the pre-image of a set S C [m]. All proofs
are given at the end, in Secs. A-B.

The condition says that there exist compliance types such that no single instrument
achieves optimal treatment for all types. This can happen when just a single compliance
type has no instrument achieving its optimal treatment such as a 1-always-taker for which
treatment 2 is optimal. More realistically, this can happen when both compliers and non-
compliers exist (p, € (0,1)) and there is at least one non-compliance class for which no
optimal instrument is also in the optimal treatment set for compliers, X*. So, in a general
setting, treatment regret is always hopelessly linear, regardless of our algorithm. For ex-
ample, in the case of Ex. 1, the latent-class treatment regret of UCB-ITT and UCB-AT is
shown in Fig. 2c and is indeed linear.

Without hope of achieving sublinear regret, latent-class treatment regret is unhelpful in
characterizing “good” and “bad” bandit algorithms for the IAB problem in general settings.
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3.4 Compliers’ Regret

Finally, we consider an intermediate form of regret. In the previous section we saw that

because units do not always comply with treatment, we may end up with linear treatment

regret when comparing to the best treatment (given compliance type). Instead, we may

consider only the units that comply, for whom we have hope of providing any help. As

we will see, under certain homogeneity assumptions, having sublinear complier’s regret

corresponds to bandit algorithms that learn the best treatment(s) in terms of causal effect.
The compliers’ regret is defined as

CRegret(T) = 7 T[x: = o] (Yi(z}) — Yy)

There may be various situations where it is far more relevant to identify causal effects
and measure regret in terms of relative treatment effect rather than focusing on I'TT effect
and ITT regret. For example, if the bandit problem is modeling a clinical trial, then the
foremost concern is finding the best treatment and a secondary concern is good outcomes
for all patients. Moreover, it may be daft to assign a particular treatment not because it
has a good causal effect but because, on average, over the trial population, which includes
non-compliers, it will lead to better outcomes Indeed, the population and compliance rates
differ significantly between the trial stage and an implementation stage since, with enough
evidence of effect, all subjects might comply. Thus, in clinical trials and other dynamic
RCTs, it is more appropriate to consider treatment regret, and the compliers’ regret is the
appropriate treatment regret to consider as we have ruled out the alternative forms.

We begin by summarizing the (self-evident) fact that, when the IAB problem is an
instance of MAB, all forms of regret we presented are equivalent:

Theorem 2. Ifp, =1 then
ITTRegret(T') = STRegret(T') = LCTRegret(T") = CRegret(T).

Next, we proceed to analyze compliers’ regret. First, we show that, in general, one
cannot have both sublinear ITT and compliers’ regret.

Assumption 1 (Compliers exist). p, =P(x =¢) > 0.
Theorem 3. If X* N Z* = & and Asm. 1 holds then
E. ITTRegret(T") + E; CRegret(T") = Q(T).

Corollary 4. If E. ITTRegret(T) = o(T), X} N Z* = &, and Asm. 1 holds then we have
that
Er CRegret(T') = Q(T).

The corollary shows that, in general setting, standard bandit algorithms such as UCB-
ITT must achieve linear compliers’ regret because they achieve sublinear I'TT regret. That
means, in particular, that they are not appropriate for learning the best treatment(s). In
the case of Ex. 1, Fig. 2d shows the linear compliers’ regret of UCB-ITT and UCB-AT.

However, in one simple two-armed case, we can in fact show that ITT regret is exactly
identical to compliers’ regret even in the presence of non-compliance:
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Figure 3: IAB Regret in Ex. 2
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Theorem 5. If m =2 and x(2) > x(1). Then
X" =2Z" and CRegret(T') = ITTRegret(T).

This case corresponds to the identifiable case in Angrist et al. (1996). In general settings,
the identity does not hold. But in order to achieve sublinear control on compliers’ regret
we will need to restrict to the homogeneous setting.

4. Homogeneous IAB and IAB Bandit Algorithms

Next, in order to devise algorithms that can achieve sublinear compliers’ regret we consider
the homogeneous setting, where all relative treatment effects are independent of compliance

type.

Assumption 2 (Homogeneity). Y (z) — Y (2’) is mean-independent of x for all z, 2’ € [m)],
1.€.,

E[Y (2) - Y(2) | \] = E[Y (2) - Y(2')] Va2’ € [m].

A stronger form of homogeneity, which we do not require, is that the additive model
Y (2) = pz + € holds, which is both necessary and sufficient for Y (z) — Y (2’) to be constant.

Under Asm. 2, we immediately have that X} = X for every k. We will seek bandit
algorithms that are able to identify u and hence X*. Toward that end define the transition
matrix

P = P(X(Z) = 1’) = Zne[m]m:n(z):xp"f'
Theorem 6. Under Asm. 2,
ﬂz = Z;nzl sz,um

Thus under homogeneity, a bandit algorithm need only estimate i and P in order to
estimate p via P~1ji. Next, we present two simple bandit algorithms that proceed in that
way.

First, we define some statistics. We let T = {s <t:Zs = z} be the set of rounds up to
gt) _ |Tz(t)| the number times z was pulled, nSQ = Ese,rz(t) I[[Xs = z],

the number times z was pulled and x was applied, 13;52 = (n,(zt))_ln,(fgz the direct estimate of

t when z was pulled, n

P with data up to ¢, ﬁ,(zt) = ﬁ ZseT(t> Ys, the direct estimate of fi with data up to ¢, 4*) =

10
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(PM)Y=1/(®) the plug-in estimate  arising from Thm. 6, and 2() e argmax,_y ., ,&gt_l) a

greedy estimate of the best treatment based on all the data available at the beginning of
round ¢. The estimate /i) is analogous to the 2SLS procedure.
We next present an e-decay type of algorithm and a fixed-schedule algorithm.

2SLS-e-decay(«)
At each round ¢, with probability m/(«at) pull a uniformly random arm and
otherwise pull 2(t).

2SLS-fixed-schedule(«)
Let z(()t) € argmin,_, ngfl); if nt Y < log(t)/a then pull zét) and other-

ey *)
20

wise pull ().

Under certain assumptions, we can show that both of these algorithms can achieve loga-
rithmic regret. These regret bounds are based on new concentration inequalities proven in
Sec. B.

Assumption 3 (Identifiability). P is invertible, i.e.,
Omin(P) > 0.
Assumption 4 (Subgaussian Rewards). There exists 1) > 0 such that
EerY (@) —pe) < M yA e R.2
Theorem 7. Suppose
200 < 025, (P) min {1/(8m), mingga« (1* — piz)?/(16mep?) }

2a < 1, and that Asms. 2, 8 and 4 hold. Then, for a constant C' > 0, playing 25LS-c-
decay(a) has regret
E, CRegret < p, > 7" | £=F=1og(T) + C.

Theorem 8. Suppose

@ < 0, (P) min {1/(8m), mingga- (1 — p1z)?/(16ma)?) }

and that Asms. 2, 3 and 4 hold. Then, for constant C > 0, 2SLS-fixed-schedule(cv) has
regret
Er CRegret < p, > 7" | E=F21og(T) + C.

r=1

These results, however, depend on tuning « based on problem-specific parameters.
Nonetheless, motivated by these result, we devise a version of the fixed-schedule algorithm
that adaptively estimates theses parameters and the resulting o but has no theoretical
regret guarantees.

2. If Y(x) € [a, b] then Hoeffding’s lemma is the statement that Asm. 4 holds with ¢ = (b—a)?/8. If Y(x)
is normal then Asm. 4 holds with ¢ equal to half its variance.

11
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2SLS-adaptive(7)
Let A
6 = inf {maxZ:17,,,7m ﬂgtil) — [Lg}fl) >0:2'=1,... ,m}
(letting & = 0 if the inf is not feasible) and let a®) = yo2. (P52 /(8m(5+
V2¢)). Play 2SLS-fixed-schedule(a(")) for this round.

Example 2. We consider an example of a homogeneous IAB with m = 5. Welet Y = p,+e¢
where u = (0.9,1,1,1,2) and ¢ ~ N(0,1) so that 2* = 5. If ¢ > —®~1(0.1) (where
® is the normal CDF) then xy = (1) and if ¢ < ®1(0.1) then x = k(. Otherwise,
independently with probability 1/8, x = x(®), with probability 3/8, x = (1,2,3,4,w), and
with probability 1/2, x = (5,5,5,5,w), where w ~ multinom(1/7,2/7,2/7,2/7,0). This
leads to g = (1.4,1.5,1.5,1.5,1.2) so that Z* = {2,3,4}. We let v = 20 and «o* be the the
quantity in the bound in Thm. 8.

We simulate a single sample path where we apply each of UCB-ITT, UCB-AT, 2SLS-
e-decay(ya*), 2SLS-fixed-schedule(ya*), and 2SLS-adaptive(y). We use v = 20 because
the bounds in the theorems are conservative. We plot the resulting ITT and compliers’
regrets in Fig. 3, separating between plots of algorithms that achieve linear and sublinear
regret. We note that UCB-ITT achieves sublinear I'TT regret but linear compliers’ regret
whereas our new algorithms achieve sublinear complier’s regret and linear ITT regret. In
particular, the heuristic adaptive policy seems to perform well without needing to know the
problem-specific parameters. UCB-AT achieve linear regret in all cases.

5. Conclusion

We considered a modification of the classic MAB where the arms represented mere instru-
ments so that the assigned and applied treatment may differ. Such a setting arises when
experimental units may not always comply with assigned treatments, as may be the case in
any trial involving human subjects. In fact, in such trials, experience shows that noncom-
pliance may be extremely prevalent. The possibility of noncompliance gave rise to our new
TIAB problem and we showed that noncompliance meant that there are a variety of possible
ways to measure regret, all of which are generally different but coincide in the case of the
classic MAB problem. However, by mathematically characterizing these divergent notions
of regret, both for any bandit algorithm and for standard bandit algorithms that achieve
sublinear I'TT regret, we argued that an appropriate form of regret when one cares about the
causal effect of treatments is the compliers’ regret. As standard bandit algorithms achieve
linear compliers’ regret, we developed three new bandit algorithms that are apt for the IAB
problem. We proved logarithmic regret bounds on two of these, but this depended on the
algorithm being tuned to problem parameters. The third algorithm dynamically estimated
these parameters but has no theoretical guarantee, although it performs well empirically.
In future work, we hope to develop parameter-free bandit algorithms for the TAB problem
with theoretical guarantees.

12
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Appendix A. Proofs of IAB Regret Characterizations
Proof of Thm. 1. Set

Pmin = _min PR

Ity

6 = min min E[Y(z*)—=Y(k:(z — il
j:1"“’z'z¢ﬂj_1(‘){;j) [ ( “{J) ( ]( )) ’X j]

Then, by independence of Z;, union bound, and De Morgan’s law,

T ¢
E,. LCTRegret > 0E, Z ZH[Xt = Kj, Lt ¢ ﬂfl(X:j)]
t=1 j=1
V4
=0 > i Pr(Zi ¢ 5;1(XL))
t=1 j=1
T ¢
> 5pmin Z Zpﬂ'(zt ¢ ’{;1(%:]))
t=1 j=1

T
> 5pmin pr(\/§:1Zt ¢ HJ_I(X:]))
t=1

T
= 0pmin »_(1 - Px(Z; € 2))
t=1
= 0pminT = QT O

Proof of Thm. 3. Define & = minex- E[Y (x(%)) Y (x(=))], &" = min,gx: BY (s7) — Y(2)
x =}, 0 = min{¢’,0"}, and Tx» = ST 1[Z; € X}]. By assumption, we have § > 0. By
independence of Z;, we have

T
E,ITTRegret > E Z]I [Z: € X1 (Vi(xe(27)) — Y2)
t=1
> ETxs > 0ETxy.

By independence of Z;, we also have
T
Er CRegret > EY "I[x¢ =1, Z ¢ &7] (Vila}) - Y3)

t=1
T

> 0By T =17 ¢ X
t=1
T
> 0K Z(H [xe = —1[Z; € X))
t=1
= (5(pr — ETX;)-
Together, E; ITTRegret +E, CRegret = Q(T). O

13
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Proof of Thm. 5. By assumption x(2) > x(1), we must have x € {L, k), n(z)}. Therefore,

E[Y(x(2))] = E[E[Y (x(2)) | x]]
=pE[Y(2) | x = +pEY (1) | x = 6]+ p, E[Y(2) | x = @)].

Maximizing both sides over z € [m], we see that Z* = &}*. Therefore,

T T
ITTRegret = 3 Ixe = d(Mia(=") =¥ + 3T = sV (4i0a(=") ~ ¥i)
t=1 —
T
+ 3 1 = s (V=) — Y2)
t=1
T
= CRegret + Y _I[y, = sV](Yi(1) — V(1) + ¥ I[xe = x?](¥i(2) - ¥i(2))
=1 t=1
= CRegret -

Proof of Thm. 6. Fix 2’ € [m]. By Asm. 2 we have E[Y (z) — Y (2) | x(2) = z] = pg — plo-
Therefore:

jiz = BIY (x(2))] = 205, P=E[Y (2) | x(2) = 2]
= g1 Pea(pte — por + E[Y (') | x(2) = 2])
= Z;nzl PZJE:U'Z — gt T+ g = 2?21 szﬂw ]

Appendix B. Proofs of Regret Bounds

Let us define t,(zs) = inf{t: ngt) > s} as the time when z was pulled for the s time. Define

(s) (s) ~ L~ (4(8) ~
ng(f)) = ngj ), 7'2((5)) = 7;(tz ), and Pz((s)) = P§tz ). Then define P((s1:-5m)) a5 the matrix

. - . . . ~ L (sz) . . Z
th row is PZ((SZ)), i.e., its (z,z) entry is P, Similarly, define f((51-5m)) as the

whose z
vector whose 2" entry is ﬁ(tg%)). Finally, define fi{(s1-5m)) = (P((sl""’sm)))flﬁ((sl"“’sm)).
Note that, for a fixed s, ﬁ(#j)) is simply an empirical average of s iid draws of the reward

when z is pulled. Similarly, for fixed s, Pjg) is simply an empirical average of s iid draws
of the indicator whether x is applied when z is pulled.

In the following, for a matrix M, the sup-norm-induced matrix norm is |M|s =
SUP|y o<1 [[MV][oo = max; 3 | Mij].

Lemma 1. Fiz s1,...,8y. Then P(|P(G15m) — Pl >e) <37, emEse

Proof. Define e, € R™ as the one-hot unit vector with one in coordinate z. Let us define
the empirical Rademacher complexities

5%2(52)):212 Z sup 1 Z tvlex,.

S
fe{—l—i—l}Tz((SZ)) lv][oo<1 <z ueT (62D

14
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Note that

A 1
”PZ((SZ)) — P = sup . Z UT@Xu —_JTP,

S
[v]loo<1 z UE7;<<SZ))

Then by Bartlett and Mendelson (2003), we have that with probability at least 1 — 7,
| BL6D — Py < 2BIRD] + Vlog(1/n)/(252)

By linearity and duality of norms, we have

S((s0)) 1
e -5 3

§€{*17+1}52

li:gueXu
E 1
s [Sin-

r= 1 56{—1,+1}Sz u=1
((s2))
1< 1 "
s, Z (G2 Z Z Su
=1 cef-1 +1}n (s2)) | u=1

n& N om
—221271((52” ] { 2 -‘ (P&;”")
1 “ Sz 1 = H(Sz
gsz;\/nggg >>—@;@g\/j

Therefore, by 2 > 1/4/2, Jensen’s inequality, and the concavity of square root, with proba-
bility at least 1 — n,

1PL=) — Pl < 4y/(m —logn)/(2s2).

Finally, P(||P((s15m) — P > €) = P(3z : HPZ((SZ)) — P.|1 > €) and the union bound
complete the proof. O

The Rademacher complexity argument (compared to an argument based on Hoeffding
inequality’s and the union bound) is critical to achieving the correct rate in s,/m.

Lemma 2. Fiz s1,...,8y, and let £ € (0,1) and 0 < g < opin(P). Then

P(||(Pesm)) 2 > mo (1 — €)71) < T, emssee’e/m
Proof. We have

vm

P((517---75m)) -1 o < p((slv“'vsm)) -1 — _
I o < vl e =

_ < _ :
T (g = |[Prm) — Plla) . T (g v/m = [[PUsm)) — Pllog)

Applying Lemma 1 with € = g&/+/m yields the result. O
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Lemma 3. Fiz s and let Asm. 4 hold. Then,
P(|a®) — P ] > €) < 2e7%¢ 249,
Proof. Note that we can rewrite

Al — PNy = 153 o (Val(Xa) = pix,).
By Markov’s inequality,

B — P> ¢
< —SAe AYu(Xu)—pxy)
u€7;((3»

< inf es(w)‘Qi)‘E) — 67862/(41&)‘
T A>0

A symmetric argument and the union bound yields the result. O

Lemma 4. Fiz s1,...,8y. Let 0 < 0 < onin(P) and Asm. 4 hold. Then,

525252

P(||alrsm) — plloe > €) < 23 " 2mzervED?

Proof. Applying Lemma 2 with £ = 2¢/(2e++/2t), applying Lemma 3 with e(1—f)g~ m—1/2
for each z, the union bound twice, and 2 < €™ yield the result. O
Proof of Thm. 7. Let E® = Zs 1 €s, B=max,—1, (" —piz), and 6 = minggy« (1" — pug).

Let I'; be one if at time step t we explored (random pull) and zero otherwise. Let ﬁ,(zt) =
> ST I, < nd. Then,

A=) S

Ex CRegret(T) <p, S0 (1 — i) BT fm 4+ B Y5 B 2670 ) > 5/2),

Note that E¢~1 > mlog(t)/a and E® < m(log(t) + 1)/a so that the first regret term

is < S (0 — pe)(log(T) +1) /. Let ¢ = o2, (P)6?/(8m (5 — /2¥)?) > 0 and & =
1—e%>0. By Lemma 4, because I'; is independent of the data, and by the law of total

probability, we have that P(| (3" in))) Plloo > 6/2) <2e™ 3T E[e_‘ﬁﬁg)]. Moreover,
(1)
logE[e™?"="] = 3™ log(e™%e;/m + (1 — e;/m))
<=3t ®e/m=—-dEW/m

Finally, > 2, e~ BT /m < 520, t7%/* and by assumption 0 < o < min(¢,1)/2 < ® so
that the second regret term is a finite constant. O
Proof of Thm. 8. Let B = maxz—1,.. m(0* — fiz), 6 = mingga« (1" — pz), 'tz = ]I[n(t(t)l) <

log(t)/a, z = z(()t)], Al = St T, Ty =3 Ty, and s = [log(t)/a]. We then have
E, CRegret(T) < p, Y0 (0" — pa)EnitS”) + B Y2500 (A 5) — pl o > 6/2).
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For the first regret term, we have ﬁg) <1+ 1log(T)/a under 7 by construction and so the

same is true for IE,JLJ(ET). For the second term, we invoke Lemma 4 and use s(*)logt/a in
order to get
o2, (P)s?

P — pllog > 6/2) < 2emmit Fomie VDR

2 2
By assumption, we have that % > 1 so that the second regret term is a finite
constant. [
References

Shipra Agrawal and Navin Goyal. Analysis of thompson sampling for the multi-armed
bandit problem. In COLT, pages 39-1, 2012.

Joshua D Angrist and Jorn-Steffen Pischke. Mostly harmless econometrics: An empiricist’s
companion. Princeton university press, 2008.

Joshua D Angrist, Guido W Imbens, and Donald B Rubin. Identification of causal effects
using instrumental variables. Journal of the American statistical Association, 91(434):
444-455, 1996.

Peter Auer, Nicolo Cesa-Bianchi, and Paul Fischer. Finite-time analysis of the multiarmed
bandit problem. Machine learning, 47(2-3):235-256, 2002.

Elias Bareinboim, Andrew Forney, and Judea Pearl. Bandits with unobserved confounders:
A causal approach. In Advances in Neural Information Processing Systems, pages 1342—
1350, 2015.

Peter L Bartlett and Shahar Mendelson. Rademacher and gaussian complexities: Risk
bounds and structural results. The Journal of Machine Learning Research, 3:463-482,
2003.

Sébastien Bubeck and Nicolo Cesa-Bianchi. Regret analysis of stochastic and nonstochastic
multi-armed bandit problems. Foundations and Trends® in Machine Learning, 5(1):
1-122, 2012.

Aurélien Garivier and Olivier Cappé. The kl-ucb algorithm for bounded stochastic bandits
and beyond. In COLT, pages 359-376, 2011.

Guido W Imbens and Joshua D Angrist. Identification and estimation of local average
treatment effects. Econometrica, 62(2):467-475, 1994.

Emilie Kaufmann, Olivier Cappé, and Aurélien Garivier. On bayesian upper confidence
bounds for bandit problems. In AISTATS, pages 592-600, 2012.

Tze Leung Lai and Herbert Robbins. Asymptotically efficient adaptive allocation rules.
Advances in applied mathematics, 6(1):4-22, 1985.

17



KALLUS

Finnian Lattimore, Tor Lattimore, and Mark D Reid. Causal bandits: Learning good

interventions via causal inference. In Advances in Neural Information Processing Systems,
pages 1181-1189, 2016.

Roderick J Little and Linda HY Yau. Statistical techniques for analyzing data from pre-
vention trials: Treatment of no-shows using rubin’s causal model. Psychological Methods,
3(2):147, 1998.

Odalric-Ambrym Maillard and Shie Mannor. Latent bandits. In Proceedings of The 31st
International Conference on Machine Learning, pages 136-144, 2014.

Odalric-Ambrym Maillard, Rémi Munos, Gilles Stoltz, et al. A finite-time analysis of multi-
armed bandits problems with kullback-leibler divergences. In COLT, pages 497-514, 2011.

Judea Pearl. Causality: Models, Reasoning, and Inference. Cambridge university press,
20009.

William R Thompson. On the likelihood that one unknown probability exceeds another in
view of the evidence of two samples. Biometrika, 25(3/4):285-294, 1933.

Sofia S Villar, Jack Bowden, and James Wason. Multi-armed bandit models for the optimal
design of clinical trials: benefits and challenges. Statistical science: a review journal of
the Institute of Mathematical Statistics, 30(2):199, 2015.

Abraham Wald. The fitting of straight lines if both variables are subject to error. Ann.
Math. Statist., 11(3):284-300, 09 1940. doi: 10.1214/aoms/1177731868. URL http:
//dx.doi.org/10.1214/aoms/1177731868.

EC Wright. Non-complianceor how many aunts has matilda?  The Lancet, 342(8876):
909-913, 1993.

18



